VOLUME 77, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AcusT 1996

Polarized X-ray Fluorescence as a Probe of Ground State Properties
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Applicability of x-ray absorption sum rules to spectra detected with total fluorescence yield is studied
by calculations in the ionic limit of the rare eatd — 4/ and transition metalp — 3d spectra. We
show that if no intermediate states with a high purity are reached, the dependence of the integrated
intensity of fluorescence yield on the incoming polarization is mainly determined by the absorption step.
Therefore, although in principle fluorescence yield is unequal to x-ray absorption, in the presence of a
crystal field or of strong core-hole spin-orbit coupling fluorescence yield can be used to obtain ground
state expectation values 6f andS,. [S0031-9007(96)00847-2]

PACS numbers: 61.10.Dp, 78.70.Ck, 78.70.En

As a result of the rapid improvement in synchrotronwhich is the vector reached after excitation of an electron
technology x-ray magnetic dichroism (XMD) has becomefrom a core levelc to the valence shell by light
a useful probe in the study of magnetic materials [1—¢ polarized along the magnetic axis. Factors such as
4]. Especially the development of sum rules [5,6] thatreduced matrix elements that only lead to an overall
relate the integrated intensity of the XMD spectra toscaling of the intensities have been omitted. Using the
ground state expectation values of various operators hapectral vector we can easily express the integrated XAS
increased the applicability of these techniques as tools fdntensity for g-polarized light, which is the sum of the
quantitative analysis of properties of magnetic materialssquared matrix elements to all possible absorption final
A variety of experimental techniques is used to measurstategn),
the absorption intensity. Among them fluorescence yield
(FY) has the great advantage over electron yield that

I;(AS = Z(vq|n><n|vq> = (vqlvgy), 2
It is less surface sensitive and that it has no magnetisvhere removal of zhe final states by completeness gives
field problems. Especially in the study of dilute systems y P 9

where self absorption effects play a minimal role, FY islf/heectsfeﬁ]aels\g?ﬁg;;e?ebsequ;r:?( :grglrzfrgree [Zg)ectral
increasingly used as a detection method. or. obey '

Within the ionic limit the configurations of the _(Ly) 3
main contribution to fluorescence are given py) — - Knp)’ (3)

n+ly _, |yn i i i i- 3 . . . .
lc1"™") — |1") wherecl in this paper i2p3d for transi which relates the total integrated intensity of the circular

tion mepals andsd4f for rare earths. Recently, .dOUb.tS dichroism spectrurﬁ1 [10] to the ground state expectation
were raised from both experimental and theoretical sides

[7—9] whether FY can provide information on ground value .Of thez component of the orbital .momgr?t_ul(“ﬂZ).
state properties in a way similar to electron yield. This((%) iS the number of holes. The intensitigs are
is questionable because of the significant variation in the ey
fluorescence probabilities of the intermediate states as
shown by de Grooet al. [9]. An example is given in
Fig. 1 for a Dy " ion. One clearly observes a difference XAS FY
between the spectral line shapes for x-ray absorption 9=
(XAS) and fluorescence, resulting from a remarkable
correlation between the polarization of the exciting light,
the energy of the the intermediate states reached, and 9=0 }
their fluorescence lifetimes. This paper shows that this
variation of fluorescence lifetimes does not necessarily
imply that FY is unsuitable for quantitative XMD analysis.
We show this by an extensive study of polarized XAS and

I' =T, - T,

250 150

fluorescence on systems with spectra exhibiting strong -25.
multiplet effects. Energy [eV]
The fluorescence decay step can be understood BG. 1. Calculated spectra for thes edge of a Dy ion
considering the spectral vectpr,), (4£°). Left panel: XAS; right panel: fluorescence yield with
W a1 1 e\t isotropic detection. The solid lines show the spectra for
lvg) = D, lg) = Z(—) (_)\ q 7>1A0Cw|g>, incoming isotropic light. The contributions of the incoming

polarization components arg = 1 (dashed),0 (dotted), and
Q) —1 (dash-dotted). The absolute energy scale is arbitrary.
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normalized to the integrated intensity of the isotropicate states leading to the same final state can interfere. Two
spectrum.) opposite approaches have been used. The incoherent ap-

We will now first show numerically that the information proach [9] neglects all interference effects. This procedure
on (L) present in the x-ray absorption spectrum is stillclearly fails for systems where the energy spacing of the
contained in the integrated intensities of the FY spectrumintermediate states is small relativelfo In this case the
We describe fluorescence as an x-ray inelastic scatteririgterference terms can contribute more than 50% to the to-
process (also known as x-ray emission spectroscopy), tal intensity.

On the opposite side, the fast collision approximation as-

J(w. ') = Z Z <f|D(1)|n><n|D(1)|g> sumes that there is complete interference between all states
’ 0+ E, — E, + it within a spin-orbit split edge. This approach was success-
‘ 2 ful in the interpretation of resonant (in)elastic scattering
X 6(Eg + o — Ef — o). (4) atthe2p — 4f excitation edge of the rare earths [11,15].

Here the integrated intensity is related to ground state ex-
By fluorescence we mean that an integration over the oupectation values of two-particle operators. This approxi-
going photon energy has been done. The total fluorescenegation requires that the core-hole lifetime broaderirig
yield also contains deexcitations by core levels, such asarger than the energy spread of the spin-orbit split mani-
e.g.,3s — 2p for transition metals. It has been shown re-fold. This condition is certainly not satisfied for the shal-
cently [11] that for isotropic outgoing light the sum rules lower core levels under consideration here.
for these processes are, up to a constant factor, equivalentThe following analysis therefore explicitly takes into
to x-ray absorption. Hence they will only tend to increaseaccount the effect of a constant Auger lifetime broadening

the agreement between FY and absorption. Equation (4). The integrated intensity fay-polarized incoming light
has been calculated in the ionic limit using Cowan’s pro-s

grams [12]. For transition metals an octahedral crystal

field (10Dg = 1.0 eV) has been applied. The intermedi- 15 =3 (ugln'y ' VI (@)n) (nlvg).  (B)

ate state Auger lifetime broadening of thet 3 edgel’ &n.n’

has been taken 0.6 eV for rare earths and 0.4 eV for transFhe decay of the intermediate states is given by the “decay

tion metals; we took twice these values for the- 5 edge operator'VI'(¢'). The decay for an arbitrary outgoing po-
The results for the normalized circular d|chr0|sm in- larization vectoe’ can be decomposed in terms of the stan-

tensities of FY with isotropic detection [13] and of x-ray dard unit polarization vectors with respect to the magnetic

absorption are compared in Fig. 2. The fluorescence hasgis of our system, i.eY'(&') = qu, Eq,elvr After

been normalized with respect to the integrated intensityemoval of the final states by completeness the matrix ele-

of the isotropic-in and isotropic-out spectrum. We find ments ofV , are

a good agreement betwedn values obtained by XAS

(which are exact) and by fluorescence. For the averagé'|Vy,In) = g, > <n/|l/1\-’0’67’0’c$zrl)\a|n>

absolute error we find 0.12 for the rare earths (With) Mlyyloo!

from 0.0 to 3.0) and 0.016 for transition metals (Wit ) o I | c c 1 1
from —0.373 to 0.192). Especially for late transition met- X (—)r 77( VA />< _ A )
als the difference is small not only for the total integrated T vod
intensityTl, but also for the weighted difference of the inte- 6)

grated intensities of the two spin-orbit split ed§§§f [14].  with gnn = TI?/[(E, — E»)* + T'?]. Diagonal terms
For XAS the latter value is equal to a linear combinationgjve the probability of radiative decay of an intermediate
of ground state expectation values of the spin-dependeRtate within the incoherent approximation.  Off-diagonal
operatorsS, andT; [6]. For Ty for late transition met- terms are a result of interference between different inter-
als we find an average absolute error of 0.01 Wiy  mediate states leading to the same final state. The latter
from —0.46 to —0.10. Systematic differences occur for matrix elements depend dn
late rare earths. It is clear that the normalized integrated We can now obtain the most useful property of the
intensity of fluorescence is strongly related to that of XAS.decay operator by considering the matrix elements for the
In the remainder of the paper we establish the reason farase of isotropic outgoing light. By commutation of the
this equality and the source of the deviations. creation and annihilation operators we find that the matrix
The major difficulty in analyzin971 is the energy de- elements, and therefore the lifetimes of the intermediate
nominator of the intermediate states. As a result of thestates, are within a constant term equal to those ofthe
Auger lifetime broadening of the core halg intermedi- | exchange interaction,

Ne + 1 1 t
BN Onim — m Z 8y—ny-ac' ey IN)c (cy, 1A <n/|CI/UIA’U’lAUCy’U’|n>}g£’n,
c0;10 )t)\"yy’ (7)

oo’

Vi) = |
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FIG. 2. Normalized integrated intensities of the circular
dichroic fluorescence vyield (dashed) and x-ray absorption
(full) spectra of 3d and 4f ions. They axis shows!T' FIG. 3. The total decayv"), for the4f (upper part) andd

which for XAS is equal to(L.)/(n;,). The inset shows (lower part) series. The lines show the result for a measurement
Ty =1,. — 21,.. For XAS on transition metals this is equal With outgoing isotropic light¢ = 1 (solid), —1 (dashed)]. The

to (2(5.) 1 L) ) symbols correspond to a measurement with the detector’at 90
03852 7+ 30/ nn)- [¢ = 1 (crosses)~1 (dots)].

number of electrons

where[j] = 2j + 1, n, + 1 is the number of electrons
in the intermediate state, and(cy,A) are the Slater- | \When (vhy, = % for all ¢, there is no polarization

Condon parameters [16]. The exchange Coulomb termependence of the total decay. Figure 3 shows that only
G, is for a large part responsible for the relative positionfor |ate rare earths are significant deviations from this value
of the intermediate states within a spin-orbit split mani-fgynd.
fold. This |mmed|ate|y eXpIainS Why the states at the low This can be understood when we realize that for a
energy side of the edge have on average a smaller decayong polarization dependence of the total de¢ay),
probability than those on the high energy side, see, €.gwo conditions have to be satisfied. First, since the decay
Fig. 1. is proportional to a Coulomb interaction there have to
We can also directly compare the integrated intensity obe groups of states of pureS character resulting in
the fluorescence to that of x-ray absorption by changingtrongly different values fog.;. On the other hand, states
from the eigenvector bas|a) to a basis set that contains which, due to spin-orbit interaction, are a mixture Io§

the normalized spectral vectdi;,) = |v,)/+/(vqlvy). terms do' not lead to extreme vglues forl),. States
with maximum values of.SJ, which occur only in the
18vor = >, [5,) (@, VI (&)[T,) (T, lvg) j =c + 3 edge, have purdsS character because they
¢ are the only states for thdt
_ T V(DT Second, thg symmetry of the gr_ound state. has to be
<vq|vq>§<vq| (&)lv,) such that the intermediate states with high purity can

— [XAS(pTy (8) be pref(_erably reached for some polarization. This is npt
q T so for ions early in the series, where the states with
Expressing the fluorescence intensity in this way clearlymaximumLSJ are spin forbidden. Furthermore, when a
shows that a constant decay fail the intermediate crystal field produces a ground state which has no pSre
states is not a necessary requirement for the use aharacter, any preference for specific intermediate state
fluorescence as a tool for quantitative XMD analysis; thel S terms disappears.
only requirement is that theotal decay(VF)q must not These two criteria are certainly present in the late
have a strong polarization dependence. rare earths. They have a Hund's rule ground state,
Figure 3 shows the values ¢V'), for measurements and high LSJ intermediate states can be reached. In
both with the outgoing light detected isotropically [13] the simple case of T#i, e.g., the absorption for
as well as with the detector @ = 90° to the magnetic ¢ = 1 is zero, and the only decay ratio of interest is
axis. For clarity the values fay = 0 have been omitted; (V')_,/(VI), = 4.2. The normalized spectral vec-
they can be obtained from the normalizat@g(VF)q = tors starting from a4f'>(CH¢; M; = 6) ground state
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are |vo) = |3d4f3(CHe)) and |v-,) = |3d4f3(*Gs)).  tions where no intermediate states with hifjl§ purity
A good estimate of the fluorescence decay ratio forare reached. Inthe presence of a crystal field or of strong
g = —1 and ¢ = 0 is obtained by evaluating Eq. (V) mixing by core-hole spin-orbit coupling polarization ef-
with gL~ = 1. A straightforward calculation [16] gives fects due to the decay are small. Information on ground
[51@ 1|V o)/ [6] (Dol Viis " [o) = 4.4 (the factor State expectation values bf andS, can therefore also be
[J] accounts for the multiplicity of the levels). obtained by fluorescence yield detection.

This dependence of the decay causes a variation of the M. v..V. acknowledges financial support from the
yield with detection angle. Fay-polarized ingoing light European Union.
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